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Among targeted delivery systems, platforms with nanosize dimensions, such as carbon nanomaterials (CNMs) and metal
nanoparticles (NPs), have shown great potential in biomedical applications. They have received considerable interest in recent
years, especially with respect to their potential utilization in the field of cancer diagnosis and therapy. The many functions of
nanomaterials provide opportunities to use them as multimodal agents for theranostics, a combination of therapy and
diagnosis. Carbon nanotubes and graphene are some of the most widely used CNMs because of their unique structural and
physicochemical properties. Their high specific surface area allows for efficient drug loading and the possibility of
functionalization with various bioactive molecules. In addition, CNMs are ideal platforms for the attachment of NPs. In the
biomedical field, NPs have also shown tremendous potential for use in drug delivery, non-invasive tumour imaging and early
detection due to their optical and magnetic properties. NP/CNM hybrids not only combine the unique properties of the NPs
and CNMs but they also exhibit new properties arising from interactions between the two entities. In this review, the
preparation of CNMs conjugated to different types of metal NPs and their applications in diagnosis, imaging, therapy and
theranostics are presented.
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nanoclusters; GNTs, golden carbon nanotubes; GO, graphene oxide; HA, hyaluronic acid; ICP MS, inductively coupled
plasma mass spectrometry; IP, IL-13-based peptide; NDs, nanodiamonds; NIR, near-infrared; NPs, nanoparticles; NRs,
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Introduction
Cancer is a complex disease that arises from DNA mutations
and affects cell growth and cell cycle processes. Current treat-
ments for cancer include surgery, radiotherapy, chemo-
therapy, hyperthermia, immunotherapy, hormone therapy,
stem cell therapy and combinations of these modalities. In
particular, chemotherapy is used in the treatment of many
cancers, but it also presents important limitations such as a
lack of specificity, resulting in low concentrations of chemo-
therapeutic drugs at the tumour sites, along with toxic side
effects (Madani et al., 2011).

In this context, many efforts to develop site-directed drug
delivery strategies for cancer therapy have been developed. In
particular, targeted delivery systems can concentrate more
drug molecules at the site of action and optimize the thera-
peutic response while minimizing undesired toxicity. Some
examples include liposomes, micelles, microspheres, natural
and synthetic polymer nanoparticles (NPs), metal NPs and
carbon nanomaterials (CNMs) (Sajja et al., 2009). Among
them, delivery platforms with nanosize dimensions, such as
NPs and CNMs, have received considerable interest for their
potential utilization in the field of cancer diagnosis and treat-
ment [e.g. bioimaging, drug delivery, photothermal and pho-
todynamic therapy (PDT)]. In fact, nanosize systems have
distinct advantages in cancer therapy, starting with their
inherent ability to accumulate at tumour sites, much more
than in normal tissues, due to the enhanced permeability and
retention (EPR) effect of tumours. Blood vessels irrigating
tumour tissues have larger pore sizes compared with those in
healthy tissue, resulting in preferential tumour accumulation
of nanosize anticancer drugs, increased treatment efficacy
and reduced systemic toxicity (Fernandez-Fernandez et al.,
2011; Shibu et al., 2013).

More importantly, the many functions of nanomaterials
provide opportunities to use them as multimodal agents for
theranostics, a combination of therapy and diagnosis. Hence,
nanomaterials can be used as a single platform to detect
tumours, treat them, monitor the treatment response and
guide the therapeutic effects. Furthermore, nanoplatforms
can be designed to target specific cells by the addition of
surface ligands that recognize specific receptors (Janib et al.,
2010).

CNMs have attracted particular interest in biomedicine,
mainly due to their distinctive physical and chemical prop-

erties. CNMs include single-walled carbon nanotubes
(SWCNTs), multi-walled carbon nanotubes (MWCNTs),
single-walled carbon nanohorns (SWNHs; similar to SWCNTs
but closed by a cone at one extremity), graphene, fullerene
and nanodiamonds (NDs) (Figure 1) (Liu and Liang, 2012).
CNTs and graphene are the most widely used CNMs because
of their high surface-area-to-weight ratio and physical and
chemical stability. In particular, the former characteristic
allows efficient drug loading and bioconjugation (Battigelli
et al., 2013). Moreover, CNTs are hollow structures; hence,
the inside space can be utilized to encapsulate molecules or
NPs. These nanocarbons can readily penetrate into cells and
be used as carriers (Lacerda et al., 2012). They also have inter-
esting inherent optical properties, such as fluorescence and
Raman scattering, making them useful for optical imaging
and sensing applications. They have been used as contrast
agents for echography, photoacoustic tomography (PAT),
photothermal and Raman imaging (Delogu et al., 2012; Gong
et al., 2013). Moreover, their strong optical absorbance in the
near-infrared (NIR) region is useful for photothermal ablation
of tumours (Kam et al., 2005; Kostarelos et al., 2009; Singh
and Torti, 2013).

The attachment of different types of NPs on CNMs has
recently attracted great interest (Madani et al., 2013). NPs are
also highly promising in non-invasive tumour imaging, early
detection and drug delivery, while exhibiting optical and
magnetic properties.

In particular, NP/CNM hybrids present advanced and
enhanced properties arising from the interactions of metal
NPs with CNMs (Guerra and Herrero, 2010; Li et al., 2011;
Villalonga et al., 2011). Because CNTs and graphene have a
large surface area, they are ideal platforms for the immobili-
zation of NPs. Different strategies have been developed to
prepare NP/CNT conjugates: (i) covalent bonding; (ii) elec-
trostatic interactions; (iii) π-stacking; and (iv) hydrophobic
interactions. There are many examples of coating of the CNM
surface by electrochemical deposition or conjugation chem-
istry. In particular, polymers have been used as coating agents
for CNMs and several coupling strategies adopted for their
functionalization, allowing conjugation of NPs to CNMs for
biomedical applications (Harrison and Atala, 2007). Alterna-
tively, NPs can also be encapsulated inside the internal cavity
of CNTs. However, there are few examples of nanotube filling
reported in the literature, mainly due to the difficulty of
preparation. Recently, many studies increasingly focus on
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functionalization or coating of CNMs with different types of
NPs in order to obtain versatile systems with more efficiency
for biomedical imaging and cancer therapy.

In this review, we describe the association of CNMs,
mainly CNTs and graphene, and NPs for theranostic applica-
tions. The article is divided in three parts. More emphasis is
given to the most studied systems in this field: CNMs conju-
gated to (i) iron oxide and (ii) gold NPs, described in the first
and in the second section respectively. Thus, recent progress
in the preparation of this kind of nanomaterials and their
applications in diagnosis, imaging, therapy and theranostics
are reported in detail. The third section is dedicated to the
conjugation of CNMs with other types of NPs.

Coating of CNMs with iron oxide NPs
Many studies have been reported in the literature on the
combination of CNMs and magnetic iron oxide NPs
(MIONPs) to generate novel versatile systems that can be
employed in biomedicine. Because of their very high trans-
verse relaxivity (i.e. r2 ∼ 141 mM−1·s−1) and low toxicity,
functionalized iron oxide NPs are widely developed as nega-
tive (T2) contrast agents for MRI, for therapy with magneti-
cally induced hyperthermia and for cell labelling. In
particular, MIONPs covered by coating agents (e.g. dextran,
silicon, PEGylated starch) have been approved, as MR
contrast agents, for different clinical applications, for
example, for the detection of liver lesions (Laurent et al.,
2008).

In this context, the combination of MIONPs with nano-
materials, such as CNTs or graphene, allows for effective MRI
contrast enhancement to be achieved, while combining mul-
tiple functionalities for therapy. There are only a few studies

reporting the filling of CNTs with iron oxide NPs, whereas
most studies describe the coating of the nanotube and gra-
phene surface with MNPs. For instance, CNMs have been
coated with iron oxide NPs via in situ generation of the
magnetic NPs by solvothermal synthesis (Shen et al., 2010;
Xue et al., 2011). However, this method requires rigorous
conditions and the control of particle size is relatively diffi-
cult. Alternatively, different strategies have been developed
for the coating of CNMs with pre-formed iron oxide NPs
based on non-covalent interactions (Mehdipoor et al., 2011)
(i.e. electrostatic self-assembly, π-stacking) (Georgakilas et al.,
2005; Li et al., 2006; Liu et al., 2009) and sol-gel processes
(Narayanan et al., 2009; Kim et al., 2010). Other approaches
involve covalent grafting of suitably functionalized MNPs
onto oxidized CNTs or graphene by amidation (Xu et al.,
2008; Zhou et al., 2010). The strong complexes formed
between the carboxylate anions and the iron salts, followed
by the precipitation of Fe3O4-NPs onto the CNM, have also
been exploited as an alternative synthesis method (Masotti
and Caporali, 2013).

Diagnosis and imaging. MIONP/CNM hybrids were shown to
enhance the detection of cancer cells during MRI, allowing
strong MRI contrast both in vitro and in vivo (Liu et al.,
2014b). For example, magnetic CoFe2O4 NP/MWCNT and
Fe3O4 NP/MWCNT conjugates exhibited excellent hydrophi-
licity, low cytotoxicity, neglectable haemolytic activity and a
significant MRI negative contrast enhancement effect on
cancer cells in vitro (Yin et al., 2012). However, in vivo MRI
studies showed that, after i.v. administration, the T2-weighted
MRI signal in the liver and spleen of mice decreased signifi-
cantly (Wu et al., 2011).

Figure 1
Schematic representation of different CNMs.
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Khandare et al. (2012) prepared a highly versatile multi-
component nanosystem by covalently covering the surface of
MWCNTs with Fe3O4-NPs, poly(ethyleneglycol) (PEG) and
FITC. The CNTs were endowed with magnetic and fluorescent
properties and were dispersible in water (Table 1). In vitro
kinetic experiments demonstrated a rapid (2 h) sustained and
time-dependent uptake of the multicomponent system local-
ized at the perinuclear region of MCF7 cancer cells, without
toxic effects. The high uptake of the magnetic hybrid makes
this fluorescent multicomponent nanosystem an ideal candi-
date for bioimaging.

Yin et al. (2012) have covered MWCNTs with MIONPs
and then coated them with multilayer polyelectrolytes (PE).
Moreover, folic acid (FA), a targeting agent for tumour cells,
was covalently linked to PE. In vitro studies on human cervical
cancer HeLa cells demonstrated that the FA-PE/MIONP/
MWCNTs can be used as a potential targeted imaging con-
trast agent, with the capacity to obtain strong MRI contrast.

In another study, poly(diallyldimethylammonium chlo-
ride) (PDDA) was coated on the surface of acid-treated
MWCNTs by electrostatic interactions (Liu et al., 2014b).
Superparamagnetic iron oxide NPs (SPIONPs) incorporating
lactose-glycine adduct (Lac-Gly) as a targeting agent were
subsequently immobilized on the surface of the PDDA/
MWCNTs. The multifunctional magnetic MWCNTs showed
low cytotoxicity on HEK293 and Huh7 cell lines. The T2

relaxivity of this hybrid material was enhanced in compari-
son with the free magnetic NPs due to the capacity of the
MWCNTs to carry more NPs as clusters. More importantly,
after administration of the hybrids to an in vivo liver cancer
model in mice, a significant increase in tumour-to-liver con-
trast ratio (277%) was observed in T2-weighted MR images.

We have reported the covering of MWCNTs with mag-
netic MIONPs (Lamanna et al., 2013). These hybrids easily
entered cells, were moderately toxic and displayed good mag-
netic properties. They were employed for cell labelling, MRI
cell tracking and magnetic manipulations. In particular,
human prostatic PC3 tumour cells labelled with the NP/CNT
hybrids showed magnetic mobility and were detected at a
single cell level through high-resolution MRI.

In another study, aminodextran-coated Fe3O4-NPs were
conjugated to graphene oxide (GO) via formation of amide
bond between amines of dextran and carboxylic acids onto
the GO sheets (Chen et al., 2011). These Fe3O4 NP/GO hybrids
exhibited good physiological stability, low cytotoxicity and
efficient cellular labelling. Indeed, the nanosystem was inter-
nalized efficiently by HeLa cells. Compared with Fe3O4-NPs
alone, these hybrids showed significantly enhanced cellular
MRI, being capable of detecting cells at an iron concentration
of 20 μg·mL−1 with a cell density of 1000 cells·mL−1. The
authors reported, for the first time, the application of GO
covered with Fe3O4-NPs as a T2-weighted contrast agent for
efficient cellular MRI.

Therapy. MIONP/CNM hybrids have shown great promise as
drug carriers and have also been exploited for targeting
cancer cells (Pan et al., 2011; Zhang et al., 2011; Liu et al.,
2008; Hong et al., 2012). In particular, the interest in using
CNMs for efficient loading and controlled release of biomol-
ecules is correlated to the different ways the molecule can be
linked to CNMs: (i) hydrogen bonding; (ii) π-stacking; (iii)

hydrophobic; and (iv) electrostatic interactions. Specifically,
in the case of graphene and GO, both sides of the sheets can
be functionalized. In addition, the release of the adsorbed
molecules from CNMs can be triggered by external stimuli
such as pH, temperature, enzymes and an electrical field. In
this context, the attractiveness of the combination of mag-
netic particles with CNTs and graphene relies on the control
of drug release that can be modulated and enhanced by a
magnetic field. For example, Yang et al. (2009; 2011) conju-
gated FA to a SPIONP/GO nanohybrid by the covalent linkage
with amino groups of the 3-aminopropyl triethoxysilane-
modified superparamagnetic Fe3O4-GO precursor. Finally,
doxorubicin (DOX) was loaded onto the surface of the mul-
tifunctionalized GO via π-stacking. Cell uptake studies indi-
cated that the multifunctionalized GO can specifically
transport the drug to human breast cancer cells (SK3) (folate
positive), showing toxicity to tumour cells after loading DOX.
These results make it possible to use GO as a multifunction-
alized drug carrier for tumour therapy.

Moreover, Turcheniuk et al. (2014) prepared magnetic
NP/GO hybrids, based on the ex situ synthesis of NPs chemi-
cally stabilized with 2-nitrodopamine, followed by adsorp-
tion onto GO via π–π interactions between 2-nitrodopamine
and the aromatic rings of GO. Then, insulin was adsorbed
onto GO, showing a pH-dependent loading, with high stabil-
ity at acidic pH, and insulin release in basic conditions.
Moreover, in vitro experiments showed that the insulin
adsorbed onto the magnetic NP/GO hybrids was strongly
resistant to the acidic pH encountered in the gastric environ-
ment. This result opens up new ways for further investigating
the potential applications of these hybrids for treatment of
patients with insulin deficiency.

Furthermore, Fe3O4/CNM complexes have shown promis-
ing results for inducing apoptotic cancer cell death using a
magnetic-targeted therapy, photothermal therapy (PTT) and
PDT thanks to the combination of the magnetic properties of
NPs with the optical properties of CNMs. For example, a
Fe3O4/GO hybrid, endowed with superparamagnetic behav-
iour, was evaluated for localized hyperthermia treatment of
cancer (Bai et al., 2012). In particular, the temperature of a
physiological suspension containing the Fe3O4/GO hybrid
and exposed to an alternating current magnetic field
increased to more than 90°C. Because the optimum localized
temperature seems to be around 43°C for local thermal
therapy, this hybrid material looks promising for localized
hyperthermia treatment of cancers.

Theranostic applications. On-demand control of NP/CNM
hybrids by a magnetic field combined with non-invasive
monitoring opens new prospects for targeted therapies and
potential biomedical applications in theranostics.

In this context, the anticancer drug DOX was loaded onto
CoFe2O4/MWCNTs (DOX/MIONP/MWCNTs) by π-stacking
and subsequently released in a sustained and pH-responsive
way (Wu et al., 2011). Cobalt ferrite (CoFe2O4), belonging to
the family of spinel-type ferrites, has already been used for
biomedical applications, especially for MRI contrast enhance-
ment and hyperthermia. The high magnetic anisotropy and
saturation magnetization of cobalt ferrite give rise to suitable
magnetic behaviour at room temperature (Tung et al., 2003).
Importantly, the DOX-loaded CoFe2O4/MWCNT conjugate
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exhibited notable cytotoxicity to HeLa cells due to the intra-
cellular release of DOX. These results suggested that MIONP/
CNTs may be used as both an effective MRI contrast agent
and a drug delivery system for simultaneous cancer diagnosis
and chemotherapy. Lu et al. (2012) prepared a FA-derivatized
polyacrylic acid (PAA)/Fe2O3 NP/MWCNT complex for
loading DOX with the aim of developing a magnetic dual-
targeted nanocarrier for drug delivery and chemotherapy (FA-
PAA/MIONP/MWCNTs) (Figure 2). This hybrid nanomaterial
was also labelled with FITC for cellular imaging. At low pH
conditions, typical of the environment encountered in intra-
cellular endosomes, DOX was efficiently released from the
internalized nanocarrier in the cytoplasmic region and then
entered the nucleus to induce cell death. The IC50 of this
DOX-loaded hybrid was ∼30% of that of free DOX. Moreover,
this system could be guided by an external magnetic field. In
particular, the magnetic manipulation, in combination with
specific ligand–receptor interactions, was investigated for tar-
geted drug delivery. Indeed, in vitro experiments suggested
that the application of a magnetic field under the cell culture
could increase the concentration of the fluorescent magnetic
nanocarrier (FITC/FA-PAA/MIONP/MWCNTs), resulting in
effective cell killing, without affecting normal (control) cell
growth. Furthermore, the hybrid loaded with DOX was more
effective at killing cells than the same dose of free DOX, due
to the magnetic targeting.

Moreover, in a recent study, a multifunctional system
based on SPIONP/GO was covalently functionalized with
PEG, leading to high stability in physiological solutions and
no cellular toxicity (Ma et al., 2012). DOX was loaded onto
the hybrid via π-stacking, forming a DOX/PEG-SPIONP/GO
complex, which enabled magnetically targeted drug delivery.
A magnet was placed under the cell culture dish and confocal
fluorescence images were registered after 24 h of incubation
with the hybrid to track DOX. After being exposed to NIR
laser irradiation for 20 min, the nanohybrid was able to selec-
tively kill 4T1 cells that were localized close to the magnet,
without affecting the viability of the cells outside of the

magnetic field. Moreover, due to its strong optical absorbance
from the visible to the NIR region, the hybrid, guided by the
magnetic field, was also utilized for localized photothermal
ablation of cancer cells. Finally, for the first time, an MRI of
tumour-bearing mice was performed in vivo using this PEG-
SPIONP/GO hybrid as a T2 contrast agent.

In contrast, Yang et al. (2012) utilized a MIONP/reduced
GO (rGO) hybrid non-covalently functionalized with a PEG-
grafted poly(maleic anhydride-alt-1-octadecene) (C18PMH-
PEG) polymer for multimodal imaging-guided PTT of cancer.
Three different imaging techniques of tumour-bearing mice
were carried out, revealing high tumour uptake of the conju-
gate in 4T1 murine breast tumour mice: (i) fluorescence via
the use of cyanine 5, which was covalently linked to the
amino groups of C18PMH-PEG-NH2; (ii) MRI; and (iii) PAT, by
exploiting the properties of the MIONPs and rGO respec-
tively. In particular, PAT relies on the photoacoustic effect of
light absorbers and offers a markedly increased imaging
depth compared with traditional optical imaging. PEG/
MIONP/rGO with high NIR absorbance appeared to be a
strong contrast agent in photoacoustic imaging. This charac-
teristic of the PEG/MIONP/rGO conjugate was also used for in
vivo MRI-guided PTT, leading to tumour ablation upon irra-
diation at 808 nm at low power density (0.5 W·cm−2). This
PEG/MIONP/rGO hybrid did not appear to have any obvious
toxic effects in vitro or side effects in vivo at the tested doses.

Recently, a SPIONP-coated GO was covalently functional-
ized with chitosan at the carboxylic functions, making the
hybrid stable, water dispersible and biocompatible, thereby
providing an excellent platform for simultaneous targeted
cancer chemotherapy, gene therapy and MRI (Wang et al.,
2013a). In particular, SPIONPs endowed GO with enhanced
T2 contrast. In vivo studies and MRI have shown that this
nanomaterial accumulates in tumours. Moreover, DOX
loaded onto the hybrid was released faster at pH 5.1 than at
pH 7.4 and was twice as effective at killing A549 lung cancer
cells than free DOX. Finally, the nanomaterial was used to
deliver plasmid DNA (p-DNA) encoding GFP (into A549 lung
cancer cells and C42b prostate cancer cells). In addition, i.v.
administration of p-DNA/DOX/SPIONP/chitosan-GO into
tumour-bearing mice showed both GFP expression and DOX
accumulation at the tumour site, 24 and 48 h after its admin-
istration. This multifunctional nanosystem provides a robust
and safe theranostic platform, which integrates targeted
delivery of both p-DNA and chemotherapeutic drugs, along
with enhanced MRI of tumours.

A magnetic rGO-based mesoporous silica (MGMS) has
also been investigated, both in vitro and in vivo, for MRI
visualized-synergistic therapy of glioma, which is the most
aggressive brain tumour in humans (Figure 3) (Wang et al.,
2013c; 2014b). In this study, to improve the biocompatibility
of the material and impart targeting capability, MGMS and a
glioma-targeting ligand, interleukin(IL)-13-based peptide
(IP), were both covalently linked to a bifunctional PEG. The
therapeutic and IP-mediated targeting ability of the hybrid
was evaluated in glioma cells (U251). The results showed (i)
water dispersibility and no toxicity resulting from the bio-
compatible mesoporous silica and PEG coating; (ii) strong
NIR absorbance of rGO (for PTT); (iii) high loading capacity
and sustained release of DOX due to the adsorption on the
mesoporous silica and the π-stacking interactions with GO

Figure 2
Schematic representation of in vitro pH-triggered doxorubicin (DOX)
delivery and release using FITC/FA-PAA/MIONP/MWCNT hybrids in
the presence of a magnetic field. PAA, polyacrylic acid; MIONP,
magnetic iron oxide nanoparticles; FA, folic acid; FITC, fluorescein
isothiocyanate.
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(for chemotherapy); (iv) high transverse relaxivity arising
from the Fe3O4-NPs (for MRI); (v) high specificity achieved by
receptor-mediated targeting and magnetic targeting that
induces a strong cellular uptake and cytotoxicity in glioma
cells; and (vi) pH- and photothermal-responsive DOX release
mediated by changes in the electrostatic and hydrophobic
interactions between DOX and the hybrid. The photothermal
effect of the hybrid significantly increased the sensitivity of
chemotherapy. Moreover, to confirm the IP-mediated target-
ing function of the hybrid in vivo and demonstrate the feasi-
bility of magnetic targeting and MRI, T2-weighted MR images
of differently treated glioma-bearing mice were acquired.

Finally, Ding et al. (2011) have demonstrated in vitro and
in vivo that MWCNTs filled with iron NPs are able to serve as
a heat transducer for hyperthermia and as an MRI contrast
agent. In fact, significant tumour regression was observed
in mice treated with magnetic MWCNTs and NIR laser
irradiation.

In conclusion, the association of MIONPs with carbon-
based nanomaterials is an attractive and promising tool for
the development of nanohybrids with potential applications
in theranostics.

Coating of CNMs with gold NPs
Gold nanostructures possess unique properties that can be
exploited in nanomedicine, for instance as contrast and/or
therapeutic agents (Webb and Bardhan, 2014). Gold nano-
particles (AuNPs) exhibit strong absorbance in a wide spec-
trum, from the visible to NIR regions, due to the surface
plasmon resonance (SPR) effect. This property has been
exploited for surface-enhanced Raman scattering (SERS)-
related applications, such as biomedical imaging and biosens-
ing (Nie and Emory, 1997; Qian et al., 2008a; Qian and Nie,
2008b). SERS allows enhancing Raman signals of molecules
adsorbed on noble metal surfaces or NPs by many orders of

magnitude. The SPR of AuNPs depends on different param-
eters, including the size, shape and aggregation state of the
NPs, giving possibilities of fine tuning (Boisselier and Astruc,
2009). The extinction coefficient of AuNPs is very high (∼1 ×
1019 M−1·cm−1) compared with that of SWCNTs (4.4 ×
103 M−1·cm−1) (Link and El-Sayed, 2000; Schöppler et al.,
2011). In the case of graphene derivatives, although rGO
displays a sixfold greater NIR absorbance than GO, the low
quantum efficiency of rGO and its broad absorption spectrum
make it less sensitive to specific wavelengths compared with
plasmonic NPs (Robinson et al., 2011; Huschka et al., 2012).
The NIR absorption of AuNPs has been exploited for PTT and
photoacoustic imaging (Huang et al., 2006; Yavuz et al., 2009;
Kim et al., 2011). The development of multimodal PTT agents
with enhanced NIR absorbance is required for imaging-
guided cancer treatment. In this context, the association of
AuNPs and carbon-based nanomaterials allows the design of
unique multimodal platforms for disease diagnosis and
therapy.

Diagnosis and imaging. CNTs have been used as contrast
agents for photoacoustic and photothermal imaging of
tumours. Nevertheless, their relatively low NIR absorption
restricts in vivo applications. To overcome this issue, SWCNTs
have been coated with a thin gold layer to enhance the NIR
contrast for photoacoustic and photothermal imaging of the
lymphatic system (Table 2) (Kim et al., 2009). As CNTs have a
relatively low NIR absorption coefficient in comparison with
AuNPs, their combination with Au allows very low laser
fluence levels, of a few mJ·cm−2, to be used making it suitable
for clinical applications. Additionally, only low concentra-
tions of the so-called golden nanotubes (GNTs) (pico- to fem-
tomolar) are needed, while nanomolar levels are required for
conventional agents. The GNTs were conjugated to an anti-
body in order to target the lymphatic endothelial receptor for
in vivo mapping of the lymphatic system. The synergy of

Figure 3
Illustration of the use of multifunctional IP/MGMS hybrids for chemotherapy, PTT and MRI (adapted from Wang et al., 2014b). rGO, reduced
graphene oxide, IP, IL-13-based peptide; MGMS, magnetic graphene-based mesoporous silica.
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optical (plasmon), thermal, acoustic and bubble overlapping
phenomena upon NIR irradiation of individual GNTs shows
promise for photoacoustic and photothermal in vivo imaging.
In another study, the GNTs have been combined with
MIONPs for in vivo magnetic enrichment and detection of
rare circulating tumour cells (CTCs) in blood (Galanzha et al.,
2009). The detection of CTCs is of high importance as they
are markers for the development of metastasis. The early
diagnosis of cancer and prevention of metastasis in humans
are still a challenge. The GNTs and magnetic NPs were func-
tionalized with folic acid and with the amino-terminal frag-
ment of the urokinase plasminogen activator in order to
target folate receptors and urokinase plasminogen activator
receptors respectively. These receptors are overexpressed in
many types of cancer cells. A mixture of GNTs and magnetic
NPs was administered to tumour-bearing mice and after
20 min a magnet was positioned at the tumour site of the
animals. The CTCs targeted by GNTs and the magnetic NPs
were captured in the bloodstream of mice and detected by
photoacoustic imaging. A two-wavelength system was used
to identify the CTCs labelled with both NPs. This strategy
based on in vivo multiplex targeting, magnetic enrichment,
signal amplification and multicolour recognition allowed the
concentration of CTCs from a large blood volume in the mice
vessels.

Because of its electronic and optical properties, GO has
also been used as a Raman probe for cell imaging. However,
the weak intensity of the Raman signal currently limits its
application. The combination of GO with AuNPs overcomes
this problem, as a result of the enhancement of the Raman
intensity by SERS (Liu et al., 2012). In this case, the sensitivity
for cell imaging was significantly improved and the acquisi-
tion times were shorter. AuNP/GO hybrids have also been
used for SERS-based biomolecular detection for in situ moni-
toring of stem cell differentiation (Kim et al., 2013).

In addition to AuNPs, CNTs have also been combined
with other types of NPs for multimodal imaging. Indeed,
because of their high specific surface area, SWCNTs have been

used as a building scaffold for the adsorption of SPIONs and
AuNPs via electrostatic interactions (Figure 4) (Wang et al.,
2014a). This nanohybrid was then coated with a silica shell,
onto which fluorescent CdSe/ZnS core-shell QDs were
adsorbed. The AuNPs were used as the SERS substrate to link
Raman-active molecules. In vitro experiments using human
breast cancer cells showed that the nanoprobe can be used for
magnetic field-guided SERS and fluorescence dual-mode
imaging of live cells. This strategy is versatile as different QDs
and Raman-active molecules can be used.

Overall, the coating of CNTs and graphene derivatives,
mainly GO, is beneficial not only for SERS-based Raman
imaging in vitro but also for photoacoustic and photothermal
imaging in vivo, providing attractive opportunities for
diagnosis.

Therapy. The enhanced NIR absorption of hybrid conjugates
of AuNPs and carbon-based nanomaterials can be exploited
for enhanced PTT or combination therapy. For instance,
AuNP/CNT hybrids prepared by the growth of AuNPs on
SWCNTs coated with thiol-functionalized ionic liquids have
been shown to be efficient at inducing hyperthermia of HeLa
cells due to their enhanced NIR absorption, resulting in rapid
cell death (Meng et al., 2012). Another AuNP/CNT complex
was recently designed for efficient PTT of HeLa cells (Meng
et al., 2014). In this study, SWCNTs were coated with two
oppositely charged polysaccharides (sodium alginate and chi-
tosan) by use of a layer-by-layer self-assembly approach, fol-
lowed by the growth of AuNPs. The high density and more
uniform distribution of active metal-binding groups on the
nanotube surface, such as amino and carboxylic groups,
facilitated the formation of the AuNPs.

Hybrids composed of Au and graphene derivatives have
also been designed for improved PTT. Most hybrids have been
prepared by exploiting the two-dimensional morphology of
graphene by coating the sheets with AuNPs or in situ growth
of AuNPs. A novel and original nanohybrid with a three-
dimensional spherical morphology has been designed by

Figure 4
Magnetic field-guided SERS and fluorescence dual-mode imaging of live cells using QD/SPION/AuNP/CNTs (adapted from Wang et al., 2014a).
SWCNT, single-walled carbon nanotube; SPION, superparamagnetic iron oxide nanoparticle; AuNP gold nanoparticle; QD, quantum dot.
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wrapping rGO sheets onto Au nanoshells (AuNSs) (150 nm in
diameter) and Au nanorods (AuNRs) (10 nm width, aspect
ratio of 3.5) (Lim et al., 2013). HUVECs were incubated with
the AuNS/rGO and AuNR/rGO hybrids. The photothermal
effect was enhanced compared with AuNPs coated with GO
or non-coated, highlighting the better efficiency of rGO com-
pared to GO due to its higher NIR absorbance. In another
study, PEGylated GO coated with AuNRs (long- and short-axis
lengths of 39 and 10 nm in average) was also found to be an
efficient photothermal agent for elimination of cancer cells
(Dembereldorj et al., 2014).

AuNPs and AuNRs coated with GO have been used for
gene therapy for the delivery of p-DNA into HeLa cells (Xu
et al., 2013b). Polyethyleneimine (PEI) was covalently
attached to GO, allowing the condensation of p-DNA via
electrostatic interactions with the oxygenated functional
groups on GO. PEI/GO has been shown to be efficient at
delivering DNA or siRNA into cancer cells (Feng et al., 2011).
The encapsulation of AuNPs or AuNRs in GO sheets reduces
the cytotoxicity of the NPs and NRs capped with cetyltri-
methylammonium bromide (CTAB). This surfactant is widely
used in the synthesis of AuNPs, but it is cytotoxic to cells and
difficult to remove completely. The in vitro transfection effi-
ciency was comparable with PEI and higher than that of
PEI/GO, whereas the cytotoxicity was much lower than that
of PEI. Thus, the PEI/GO/AuNP and AuNR hybrids may have
potential as applications for combined therapy based on gene
delivery and PTT.

In another study, the AuNRs encapsulated in GO shells
have been employed for in vitro targeted chemophotothermal
therapy of hepatoma cells (Figure 5) (Xu et al., 2013a). Hya-
luronic acid (HA) was covalently attached onto GO to target
these cells. Finally, DOX was loaded on the HA/GO/AuNRs.
The conjugate was pH-sensitive and NIR light triggered the
release of DOX, whereas the photothermal efficiency was
higher than that of AuNRs. Overall, the chemophotothermal
therapy was synergistic, namely 1.5-fold and fourfold higher
than that of separate chemotherapy and PTT respectively.

Theranostic applications. As Au/CNM hybrids have been
shown to have improved properties for imaging and therapy,

theranostic applications can be envisaged. Indeed, non-
spherical AuNPs with nanostar-like shapes were grown on
oxidized MWCNTs (Minati et al., 2012). DOX was then
adsorbed onto the nanotube sidewall. The broad absorption
band of the Au/CNT hybrid in the red and NIR regions
allowed cell imaging. After incubation of the DOX/AuNP/
CNT conjugate with A549 lung cancer cells, the release of
DOX from the nanotube surface and the trafficking of the
drug were monitored by laser scanning confocal microscopy.
The fluorescence of DOX is quenched when adsorbed onto
CNTs and is recovered upon release. After 4 h of incubation,
the DOX/AuNP/CNT complex was found inside the cells,
according to DOX fluorescence and gold scattering spots. The
drug was in close proximity to the Au/CNTs in the cytosol
around the nucleus. After 24 h of incubation, DOX was par-
tially released from the nanotube surface and localized in the
nucleus, whereas the AuNP/CNTs remained in the perinu-
clear region.

DOX has also been adsorbed onto AuNPs (less than
100 nm in diameter) wrapped by GO sheets (Ma et al., 2013).
The SERS signal from the AuNP/GO hybrid was used for
intracellular Raman imaging. By increasing the incubation
time, a sustained release of DOX in HeLa cells and a gradual
accumulation in the cell nucleus were observed, where the
drug can interact with DNA to induce apoptosis. Cell viability
was lower after treatment with DOX-loaded AuNP/GO com-
pared with free DOX. Noteworthy, the DOX release was
found to be pH-dependent; it was faster and higher at acidic
pH. Such pH-triggered drug release is of high interest as the
pH in the tumour microenvironment, endosomes and lys-
osomes is slightly acidic.

Another Au/graphene-based nanohybrid loaded with
DOX showed promise as a theranostic application. Indeed,
rGO has been coated with gold nanoclusters (GNCs) having
an average diameter of 2.5 nm by mixing an aqueous disper-
sion of rGO with dodecanethiol-CTAB-capped GNCs (Wang
et al., 2011). DOX was then adsorbed on the GNC/rGO
hybrid via hydrophobic and electrostatic interactions. In vitro
studies on HepG2 cancer cells showed that free DOX did not
distribute well in the cells because nearly half of the drug
remained on the cell membrane or between the cells.
However, when GNC/rGO was used as a carrier, DOX was
well-distributed inside the cells. The release of the drug was
monitored by fluorescence imaging. In addition, the NIR
fluorescence properties of GNCs were exploited for imaging
of the morphology of the cells despite partial fluorescence
quenching. The DOX/GNC/rGO conjugate inhibited HepG2
cell growth more strongly than DOX and GNC/rGO alone,
while leading to some synergy in inducing karyopyknosis
(irreversible condensation of chromatin in the nucleus of
necrotic or apoptotic cells). In fact, GNCs cause karyopykno-
sis of HepG2 cells, but this effect is reduced when GNCs are
combined with rGO. Finally, Raman spectroscopy was used to
investigate the interactions between DOX/GNC/rGO and
HepG2 cells, in particular proteins and DNA. The presence of
the hybrid affected protein expression and led to the rupture
of DNA chains.

In addition to CNTs and graphene, NDs are another
carbon allotrope that has potential for biological applications
(Zhang et al., 2009; Li et al., 2010; Smith et al., 2011). In a
recent study, NDs have been passivated by conjugating them

Figure 5
Targeted chemophotothermal therapy using a DOX/HA/GO/AuNRs
(adapted from Xu et al., 2013a). AuNr, gold nanorod; GO, graphene
oxide; HA, hyaluronic acid.
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with an amino-terminated PEG derivative (Cheng et al.,
2013). Thiolation of the amine allowed urchin-like gold/
silver bimetallic NPs (5 nm in diameter) to be attached by
thiol-metal bonding. The fluorescent NDs display a high pho-
tostability without any photobleaching or photoblinking,
which is suitable for long-term tracking and labelling. To
impart targeting properties, human transferrin was thiolated
and then conjugated to Au-AgNP/NDs. In vitro studies were
conducted on human hepatoma cells overexpressing the
transferrin receptor. The cellular uptake over time was moni-
tored using flow cytometry and inductively coupled plasma
mass spectrometry (ICP MS) to quantify gold. The amount of
transferrin/Au-AgNP/NDs internalized was twice as high as
that of the bare Au-AgNP/NDs. Hence, the conjugate bearing
transferrin was more efficient for PTT, even when exposed to
a less strong laser source.

As SWCNTs display characteristic Raman signals, they
have also been used for targeted in vivo Raman imaging
(Zavaleta et al., 2008). The main advantage of using CNTs as
a Raman probe is their high resistance to quenching and
photobleaching. Nevertheless, the spectral acquisition times
are relatively long. Combining AuNPs with CNTs is one solu-
tion that can be used to overcome this problem. In this
context, AuNP/SWCNT conjugates coated with PEG have
been designed for in vitro Raman imaging (Wang et al., 2012).
The AuNPs induce a concentration- and excitation–source-
dependent SERS effect, showing an enhancement factor of
over 20. The AuNP/SWCNTs were also coated with a
FA-modified PEG (PEG-FA) chain for Raman imaging of
cancer cells using a NIR laser. The acquisition times were
shortened compared with SWCNT conjugates not coated
with AuNPs. Additionally, a higher PTT-induced cancer cell
killing efficacy was observed for the PEG-FA/AuNP/SWCNT
conjugate in comparison with PEG/AuNP/SWCNTs and PEG/
SWCNTs at the same nanotube concentration. The PTT was
highly selective as control experiments on folate receptor-
negative cells showed no noticeable cell death after incuba-
tion with PEG-FA/AuNP/SWCNTs and laser irradiation.

As an alternative to nanoscale hybrids, microsize carriers
have also been designed for theranostic applications in vivo.
Indeed, microcapsules containing AuNPs and GO were pre-
pared for multimodal imaging and PTT of tumours (Jin et al.,
2013). The AuNPs were introduced into poly(lactic acid)
(PLA) microcapsules (1.5 μm in diameter) and GO was
adsorbed onto the surface via electrostatic layer-by-layer self-
assembly. The presence of GO allowed these agents to be used
for PTT, whereas the PLA microcapsules and the AuNPs were
used as contrast agents to enhance ultrasound imaging and
X-ray CT respectively. As AuNPs can attenuate X-rays due to
the large atomic number and electron density of gold, they
have been used to improve CT imaging. Ultrasonography is
useful for real-time imaging, whereas X-ray CT imaging can
bring additional anatomical information. In vivo ultrasound
and X-ray CT imaging were performed in rabbits and mice
respectively. A marked improvement in the quality of the
ultrasound of the kidney of rabbits was observed a few
seconds after i.v. injection of the microcapsules. With regard
to X-ray CT imaging, the AuNPs displayed better contrast
properties than commercially available iodine-based contrast
agents after i.m. injection of the microcapsules in mice. NIR
laser-induced PTT of tumour-bearing mice showed that the

microcapsules were efficient at destroying tumours (complete
within 9 days of treatment), inhibiting tumour growth by as
much as 84%. This study presents attractive opportunities as
the effectiveness of PTT can be assessed by combining US and
CT imaging. Additionally, bimodal imaging could be helpful
for guiding PTT by identifying the size and location of the
tumour in order to avoid damaging normal tissues.

The GNTs have been investigated for in vivo magnetic
enrichment, photoacoustic diagnosis and photothermal treat-
ment of blood infected by bacteria (Galanzha et al., 2012).
AuNRs and silica-coated magnetic NPs were also explored in
this study. The different NPs were conjugated to antibodies
specific for Staphylococcus aureus protein A and/or lipoprotein
absent in mammalian cells. Ultrasensitive detection of circu-
lating bacteria cells (CBCs) was achieved with a threshold
sensitivity as low as 0.5 CBCs·mL−1. From the results of this
study, an attractive alternative antibacterial treatment was
proposed, which is based on the physical destruction of bac-
teria irrespective of their antibiotic resistance status.

A multifunctional magnetic and plasmonic nanohybrid
has been prepared by coating GO with both MIONPs and
AuNPs (Figure 6) (Shi et al., 2013). The MIONP/AuNP/GO
displayed a strong superparamagnetism and an enhanced
optical absorbance in the NIR region. The AuNPs were coated
with PEG to enhance the stability of the conjugate in physi-
ological environments and increase its biocompatibility.

Both magnetic and plasmonic properties were exploited
for MRI and X-ray imaging in vivo. For this purpose, the
PEG/MIONP/AuNP/GO was administered intratumorally to
tumour-bearing mice. A darkening effect in T2-weighted MR
images and a contrast in X-ray images were observed in the
tumour. PTT was studied on murine breast cancer 4T1 cells,
human carcinoma KB cells and tumour-bearing mice. For in
vitro studies, the MIONP/AuNP/GO was coated with PEG-FA.
The cancer cells were effectively killed upon incubation with
PEG-FA/MIONP/AuNP/GO followed by laser irradiation,
whereas the cells treated with the MIONP/AuNP/GO coated
with PEG were less affected. When folate receptor-negative
4T1 cells were treated in the same conditions, no significant
cell damage was noted. The magnetic properties of the nano-
hybrid were also exploited for targeted PTT. For this purpose,
4T1 cells were incubated with PEG/MIONP/AuNP/GO for 2 h
in the presence of a magnetic field placed under the centre of
the cell culture dish. After NIR laser irradiation, only the cells
near the magnet were killed. Experiments were also con-
ducted in vivo in tumour-bearing mice; PEG/MIONP/
AuNP/GO was injected intratumorally and PEG/GO was used
as the control. NIR irradiation led to the significant destruc-
tion of the tumour when the gold conjugate was used,
whereas those tumours treated with PEGylated GO were only
partially damaged after the PTT treatment.

Overall, we conclude that the association of carbon-based
nanomaterials and gold NPs has immense potential for
imaging, therapy and theranostic applications.

Coating of CNMs with other types of
metal NPs
Other types of NPs, such as QDs (Guo et al., 2008), upcon-
version NPs (UCNPs) (Wang et al., 2013b), silica (Zhang et al.,
2012), SnO2 (Liu et al., 2013a), Cu2O (Hou et al., 2013), ZnO
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(Chen et al., 2014) and AgNPs (Liu et al., 2013b) have been
combined with CNMs (Wildgoose et al., 2006). These NPs
themselves have also shown good promise in non-invasive
tumour imaging, early detection and drug delivery, while
exhibiting optical and magnetic properties that can be
exploited for therapy. In this context, the combination of
different NPs with CNTs or graphene allows alternative mul-
timodal theranostic hybrid systems to be designed. Generally,
NPs have been linked to the CNM surface by either direct
attachment or via interactions with a polymer conjugated to
either the CNMs or the NPs.

Diagnosis and imaging. For deep tissue tumour imaging,
highly intense emissions are required at a frequency close to
the NIR range (>800 nm). We have already explained that
some CNMs are intrinsically fluorescent in the NIR region,
where tissues and biological fluids are practically transparent.
However, the emission intensities are quite low and not
useful for deep tissue or live animal imaging. In contrast, the
optical properties of QDs, which are semiconducting
nanocrystals, may be modified based on their size, resulting
from quantum confinement effects. In particular, they offer
high resistance to photobleaching, thus making them attrac-
tive material for biomedical diagnosis applications. Recently,
UCNPs, composed of NaYF4, Yb3+, Er3+ and Tm3+, have also
received considerable interest as fluorescent probes for cancer
diagnosis (Liu et al., 2014a). They are characterized by the
sequential absorption of two or more photons, leading to the
emission of light at a shorter wavelength than the excitation
wavelength. They have the significant advantage of possess-
ing a sharp emission bandwidth, long lifetime, adjustable
emission, high photostability and low cytotoxicity. More
importantly, UCNPs use NIR excitation, thereby significantly
enhancing penetration depths and minimizing background
autofluorescence, photobleaching as well as photodamage of
biological species. Benefiting from such unique advantages,
QDs and UCNPs have been successfully employed as prom-
ising contrast agents for in vitro cell imaging and in vivo
whole-animal imaging. In particular, the conjugation of
CNMs with luminescent NPs, as QDs and UCNPs, offers

several advantages for deep tissue imaging, including the
possibility of integration with potential drug delivery and
cancer therapy systems. Moreover, FA/AgNP/GO hybrids
have also been employed for the probing and imaging of cells
by monitoring the SERS signals (Table 3) (Liu et al., 2013b). In
this case, the inherent Raman signal of GO was significantly
enhanced after depositing AgNPs onto its surface.

Therapy. In a recent study, HA adsorbed onto a ZnO NP/rGO
hybrid (HA/ZnO NP/rGO) was employed as a multi-
synergistic platform for targeted cancer therapy (combina-
tion of PDT and PTT) (Chen et al., 2014). ZnO NPs are easy to
fabricate, inexpensive and exhibit therapeutic effects. Espe-
cially, due to their unique phototoxic effect, ZnO has been
investigated as attractive reactive oxygen species (ROS) sen-
sitizing agents for anticancer studies. Of particular interest,
the photoactivity of ZnO NPs can be significantly enhanced
by their combination with graphene, which acts as an excel-
lent electron acceptor to inhibit the quick recombination of
the photoexcited electron-hole pairs and thus enhance the
generation of ROS. HA has been used as a targeting moiety
because of its specific interactions with the CD44 receptor,
which is overexpressed in various cancer cells. Indeed, the
surface of the ZnO NP/rGO hybrid was coated with multi-
functional FITC-labelled HA deoxycholic acid (HA-DA)
through hydrophobic interactions between DA and gra-
phene. In vitro experiments, performed on MDA-MB-231 cells
showed that the ROS generated by ZnO NP/rGO under light
illumination (PDT) in combination with the NIR laser-
induced hyperthermia (PTT) resulted in a synergistic apop-
totic therapy. In fact, PDT or PTT alone only moderately
inhibited the growth of MDA-MB-231 cells. In contrast, the
combination of PDT and PTT resulted in significant cytotox-
icity that was increased in a dose-dependent manner.

Moreover, by a simple and effective chemical precipita-
tion method, GO derivatized with FA was coated with ZnO
NPs (Hu et al., 2013). The resulting hybrid combined the
photodynamic activity of ZnO and photothermal anticancer
effects of GO, with the possibility of direct tumour cell killing
using FA as a targeting ligand. Indeed, the conjugation of

Figure 6
PTT and imaging of tumour-bearing mice using PEG-FA/MIONP/AuNP/GO. MIONP, magnetic iron oxide nanoparticle.
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ZnO to FA/GO induced a marked improvement in tumour
targeting, as demonstrated by the cellular uptake assay. In
addition, this hybrid exhibited significant photodynamic
activity, mediated by the generation of ROS under visible
light irradiation. Following the generation of ROS, the mate-
rial caused a reduction in the activity of antioxidant enzymes
(superoxide dismutase, catalase and GSH peroxidase) and
various apoptotic events in HeLa cells. An increase in the
intracellular malondialdehyde level and depolarization of
the mitochondrial membrane were also observed. Finally,
the FA/ZnO NP/GO hybrid induced apoptotic death by
enhancing caspase-3 activity, the main effector caspase
involved in apoptosis. In conclusion, this study presents a
promising strategy for the use of targeted PDT for cancer
treatment.

In addition, a Cu2O nanocrystal/rGO hybrid decorated
with biocompatible poly-(sodium 4-styrenesulfonate) (PSS)
exhibited anticancer activity under both visible and NIR light
irradiation in vitro (Figure 7) (Hou et al., 2013). In contrast to
the highly efficient killing of both normal and cancer cells
initiated by the photothermal effect, the photocatalytic effect
arising from the Cu2O nanocrystals resulted in the selective
killing of cancer cells under visible light irradiation. The
photothermal effect on cells was mainly attributed to the
protein denaturation in cells initiated by heat. However, this
PTT effect was not selective as both cancer and normal cells
were killed. It is now well established that semiconductor
photocatalysts, such as Cu2O, can be applied for cancer treat-
ment, due to the production of ROS under excitation by light,
which damages several antioxidant mechanisms. Surpris-
ingly, in this work, in vitro experiments showed that the
degree and rate of ROS production, and oxidation reactions
initiated, were dependent on the cell type. In particular,
during the first hour of irradiation, normal cells (HK-2) incu-
bated with PSS/Cu2O NP/rGO hybrid showed nearly 100%

viability even at a high hybrid concentration (640 μg·mL−1),
while for cancer cells (MDA-MB-231 and A549) the viability
decreased even at a low hybrid concentration of 40 μg·mL−1.
These results demonstrate the selective killing of cancer cells
by PSS/Cu2O NP/rGO under visible light.

Theranostic applications. Recently, a material based
on amine-containing QDs conjugated to carboxyl-
functionalized MWCNTs was covered by poly(lactic-glycolic

Table 3
Coating of CNMs with other types of metal NPs

Type
of CNM Type of NP

Additional
functionalization In vitro model

In vivo
model Applications Reference

GO AgNP FA HeLa human cervical cancer
cells

/ Raman imaging Liu et al., 2013b

rGO ZnO NP HA-DA and FITC MDA-MB-231 human
breast cancer cells and
NIH3T3 mouse
embryonic fibroblast cells

/ PDT and PTT Chen et al., 2014

GO ZnO NP FA HeLa cells / PDT Hu et al., 2013

rGO Cu2O
nanocrystals

PSS HK-2 human renal epithelial
cells; MDA-MB-231 and
A549 human lung
epithelial cells

/ PDT and PTT Hou et al., 2013

MWCNT QD PLGA and paclitaxel PC-3MM2 human prostate
carcinoma cells

Nu/nu mice Fluorescence imaging
and chemotherapy

Guo et al., 2008

GO UCNP PEG and ZnPc KB human nasopharyngeal
epidermal carcinoma cells
and HeLa cells

Kunming
mice

UCL; PDT and PTT Wang et al.,
2013b

Figure 7
Illustration of PDT and PTT using Cu2O NP/rGO (adapted from Hou
et al., 2013).
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acid) (PLGA) films using a plasma polymerization methodol-
ogy (Guo et al., 2008). With NIR emission around 752 nm,
the PLGA/QD/CNTs exhibited a strong luminescence for non-
invasive optical in vivo imaging. Moreover, the anticancer
agent paclitaxel was efficiently loaded onto these PLGA-
coated CNTs. The cytotoxicity and antitumour efficacy of this
novel drug delivery system was established in vitro, using
PC-3MM2 human prostate carcinoma cells. Moreover, in vivo
biodistribution of the PLGA/QD/CNT hybrid was determined
using ICP MS by quantifying the mass of cadmium in organs,
showing a predominant hybrid uptake in liver, kidney,
stomach and intestine.

Wang et al. (2013b) reported a multifunctional nanoplat-
form developed by covalently grafting amino-functionalized
core shell-structured UCNPs to GO via a bifunctional PEG. To
achieve a multimodal effective therapy, aromatic zinc
phthalocyanine (ZnPc) with a high optical absorption coeffi-
cient in the phototherapeutic window (600–800 nm) was
then loaded onto GO. Cytotoxicity assays demonstrated good
biocompatibility and low toxicity of the ZnPc/UCNP/GO
hybrid. The nanomaterial was used both in vitro and in vivo
for upconversion luminescence (UCL) imaging probes of cells
and whole-body animals with high contrast for diagnosis.
Moreover, the hybrid was also explored for PDT and PTT via
the generation of cytotoxic singlet oxygen and conversion of
laser energy into heat under light excitation. A remarkably
improved and synergistic therapeutic effect compared with
PTT or PDT alone was obtained, providing high therapeutic
efficacy for cancer treatment. Indeed, this multifunctional
hybrid shows promise as an integrated theranostic probe for
potential UCL image-guided combinatorial PDT/PTT of
cancer.

Conclusions

The advent of nanotechnology in biological systems heralds
a new chapter in the field of cancer therapy. Particularly, the
combination of CNMs with metal NPs, by exerting synergistic
effects, is providing novel perspectives for applications in
theranostics. Indeed, these systems can easily combine the
extraordinary structural, optical, chemical and thermal prop-
erties of both CNMs and NPs in a unique nanosystem that
can simultaneously detect, image and treat a disease. The
results show that the advances made both in vitro and in vivo
are real and of great significance in our understanding of the
biological effects of these systems.

Overall, we can conclude that all of the materials
described provide a unique opportunity for the preparation
of non-invasive in vivo theranostic systems that may have a
great impact on the development of future therapies against
cancer. Nevertheless, the design and preparation of nanoma-
terials for diagnosis and therapy still present many challenges
such as biocompatibility, pharmacokinetics, in vivo targeting
efficacy and cost-effectiveness. In addition, a full assessment
of the risk factors derived from the use of nanomaterials in
nanomedicine has to be performed in order to understand
their effect on human health and the environment, and to
develop specific regulatory guidelines for their clinical
applications.
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